Research in contextEvidence before this studyIn the treatment of Fabry disease, agalsidase beta (Fabrazyme) or agalsidase alpha (Replagal) enzyme replacement therapy (ERT) it typically used to clear Gb3 deposits from various cell types. Although the administration of therapeutic enzymes can ameliorate the pathophysiologic phenotypes of Fabry disease, these recombinant enzymes are unstable in the blood and their repeated administration can cause allergic reactions. Although early treatment with recombinant α-galactosidase leads to significant symptomatic improvements in Fabry disease patients, the effect of therapeutic enzymes is restricted to later-onset patients.Added value of this studyWe found that treatment with recombinant enzymes is ineffective in altering the functionality of FD-VECs in vitro. Instead, inhibition of SMAD2 signaling and/or downregulation of TSP-1 rescues the angiogenic dysfunction of FD-VECs.Implications of all the available evidenceOur findings suggest FD patients can be treated with new drugs that can regulate TGF-beta signaling and/or TSP-1 expression.Alt-text: Unlabelled box

1. Introduction {#sec0001}
===============

Fabry disease (OMIM \#[301500](301500){#interref0001}) is an X-linked recessive hereditary disorder caused by genetic defects in α-galactosidase A (GLA). Deficiency of GLA leads to the progressive accumulation of globotriaosylceramide (Gb3) in most cell types of Fabry disease patients, including vascular cells, cardiac cells, kidney epithelial cells, and neuronal cells. To date, more than 750 mutations in the *GLA* gene have been identified (<http://www.hgmd.cf.ac.uk>). Approximately 70% of these mutations are missense or nonsense mutations in the *GLA* coding region [@bib0001]. Many abolish GLA activity, but some of the missense mutations produce subclinical effects if there is sufficient residual (5%--10%) enzymatic activity to prevent severe Gb3 accumulation [@bib0002]. Although the incidence of Fabry disease is 1 in 117,000 males [@bib0003], making it a rare disease, the incidence is rising owing to increased newborn screening \[[@bib0004],[@bib0005]\].

Children with FD typically present with angiokeratomas [@bib0006], but these progress to life-threatening complications like left ventricular hypertrophy, renal failure, and stroke in adult patients as they age \[[@bib0007],[@bib0008]\]. These varied complications are all thought to be caused by capillary obstruction in the various tissues [@bib0009]. Currently, enzyme replacement therapy (ERT) is being used to clear Gb3 deposits in Fabry patients \[[@bib0010],[@bib0011]\]. Although recombinant enzyme administration ameliorates the pathophysiologic phenotypes of Fabry disease, its therapeutic effects are limited long-term because it is unstable in the blood and leads to allergic reactions (<http://www.rxlist.com/fabrazyme-drug.htm#CS>). Furthermore, ERT is less effective in Fabry patients with advanced disease \[[@bib0001],[@bib0012],[@bib0013]\].

Studies on GLA knockout (KO) mice led to several important insights into the role Gb3 accumulation plays in endothelial dysfunction. GLA^−/−^ mice show aberrant Gb3 accumulation in the caveolae of aortic endothelial cells [@bib0014]. In GLA^−/−^ mice, the protein levels of thrombospondin-1, TGF-ß1, and VEGF were increased in the kidneys compared to WT-mice [@bib0015]. Also, this Gb3 induces dysfunction of the Kca 3.1 channel in GLA^−/-^ endothelial cells, thereby producing a Fabry-associated vasculopathy [@bib0016]. Although the GLA^−/-^ mice used as a Fabry disease model seem to have a normal, complication-free lifespan, GLA^−/−^ mice expressing human Gb3 synthase (G3S) (GLA^−/−^/G3Stg mice) show the typical Fabry disease phenotype accompanied by body weight loss, neurological symptoms, and early lethality [@bib0017]. This result is consistent with the hypothesis that Gb3 accumulation is the primary factor leading to Fabry disease, but it also shows that the GLA^−/−^/G3Stg mouse model does not perfectly recapitulate the complications of human Fabry disease. This means the mechanisms by which GLA deficiency and Gb3 accumulation lead to the phenotypic complications of Fabry disease remain poorly understood. In addition to the existing mouse models, iPSCs generated from the somatic cells of Fabry patients (FD-iPSCs) can be useful in the study of Fabry disease in vitro [@bib0018]. FD-iPSC-derived cardiomyocytes show Gb3 accumulation and cardiac hypertrophy, which are similar to the pathophysiological defects observed in cardiac tissue biopsied from Fabry patients \[[@bib0019],[@bib0020]\]. In conclusion, disease modeling through FD-iPSCs can overcome mouse model limitations.

Thrombospondin-1 (TSP-1) regulates vessel stabilization and cessation of vessel growth in a fibrillary network around vascular structures [@bib0021]. Overexpressed TSP-1 suppresses vascular growth and expands vessel diameter [@bib0022]. However, it remains elusive whether TSP-1 is associated with dysfunctional angiogenesis in FD.

Here, we propose a putative model whereby it is insufficient angiogenesis owing to Gb3 accumulation that gives rise to the progressive complications of FD patients as they age. Interestingly, vascular endothelial cells (VECs) differentiated from FD-iPSCs (FD-VECs) show various dysfunctional angiogenesis phenotypes: Gb3 accumulation in lysosomes, fewer tube-like structures, low expression of angiogenic factors, activated SMAD2 signaling, enhanced expression of the anti-angiogenic factor thrombospondin-1 (TSP-1), and increased oxygen consumption. Also, we observed reduced expression of angiogenic factors and enhanced expression of TSP-1 in renal tissues biopsied from FD patients compared with those of normal donors. While treatment with recombinant α-galactosidase (agalsidase-ß) fails to rescue the angiogenic dysfunctions of FD-VECs, we observed significant improvement in their endothelial dysfunction in vitro upon inhibiting SMAD2 signaling or knocking out (KO) TSP-1. Thus, the overexpression of TSP-1 and/or enhanced activity of SMAD2 signaling that are secondary to GLA mutation contribute to FD vasculopathy.

2. Materials and Methods {#sec0002}
========================

2.1. Generation of iPSCs from Fabry disease patients {#sec0003}
----------------------------------------------------

Fabry disease (FD) fibroblasts were individually biopsied from four patients under the approval of the AMC Institutional Review Board (2011-0451). Studies using human materials including iPSCs were performed under the approval of the Institutional Review Board of KAIST (KH2016-52). Fibroblasts were cultured in DMEM (Welgene, Seoul, Korea) containing 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA), 1% penicillin-streptomycin (Invitrogen) at 37°C, 5% CO~2~ in air. Retroviruses expressing *OCT4, SOX2, cMYC*, and *KLF4* were transfected into FD fibroblasts to generate iPSCs as previously described [@bib0023]. Wild type (WT)-iPSCs derived from foreskin fibroblasts (CRL-2097, ATCC, Manassas, VA) were used as a control. iPSCs were cultured in human embryonic stem cell culture medium containing DMEM/F12 (Invitrogen, Carlsbad, CA), 20% KnockOut™ Serum Replacement (Invitrogen), supplemented with 10 ng/mL bFGF2 (R&D systems, Minneapolis, MN), 1% non-essential amino acid (NEAA) (Invitrogen), 1% penicillin and streptomycin (Invitrogen) on mitomycin C-treated MEF-seeded culture plates at 37°C, 5% CO~2~ in air. After detachment with dispase (Invitrogen), human iPSCs were passaged to fresh plates every 6 d. The *GLA* mutations were identified from genomic DNAs extracted from FD-iPSCs and fibroblasts by direct sequencing. The primers used for detecting the mutations are listed in Table S1.

2.2. Bisulfite sequencing {#sec0004}
-------------------------

Analysis of DNA methylation at the CpG sites on the promoters of the *OCT4, REX1*, and *NANOG* genes was performed as previously described. Briefly, genomic DNA was treated with sodium bisulfite using the EZ DNA Methylation-Gold Kit according to the manufacturer\'s protocol (Zymo Research, Irvine, CA). Then, bisulfite-treated DNA (25--50 ng) was amplified by PCR. The amplified PCR products were purified using the AccuPrep® plasmid Mini Extraction Kit (Bioneer, Daejeon, Korea) and subcloned into the pGEM-T EASY vector (Promega, Madison, WI). For each cell type, 5 clones were sequenced using the M13 primer and further analyzed using a web-based program (Blast-2) or a stand-alone software package (BiQ Analyzer, <http://biq-analyzer.bioinf.mpi-inf.mpg.de/>).

2.3. Differentiation of FD-iPSCs into vascular endothelial cells {#sec0005}
----------------------------------------------------------------

Differentiation of human iPSCs into vascular endothelial cells (VECs) was accomplished as previously described [@bib0024]. Briefly, human iPSCs were transferred to Matrigel-coated (BD biosciences, Franklin Lakes, NJ) dishes and cultured in mTESR1 medium (STEMCELL Technologies, Vancouver, Canada) at 37 °C, 5% CO~2~ in air for 3 d. Then, the culture medium was changed to RPMI medium supplemented with 1% B27 (Invitrogen), 50 ng/ml Activin A (Peprotech, Rocky Hill, NJ), and 20 ng/ml BMP4 (Peprotech) at 37 °C, 5% CO~2~ in air. After 2 d of culture, the cells were incubated in RPMI medium containing 50 ng/ml VEGF-A (Peprotech) and 50 ng/ml bFGF at 37 °C, 5% CO~2~ in air for 3 d. Then, vascular progenitors (CD34^+^ cells), which can differentiate into endothelial cells and vascular smooth muscle cells, were isolated from the differentiated cells using CD34^+^ magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). To differentiate the CD34^+^ vascular progenitors into VECs, they were cultured in EGM-2 medium (Lonza, Basel, Switzerland) supplemented with 100 ng/ml VEGF-A and 100 ng/ml bFGF at 37 °C, 5% CO~2~ in air for 5--7 d. Endothelial cells were then seeded on culture dishes at a density of 2 × 10^4^ cells/cm^2^ and maintained in EGM-2 media for 5 d. The number of VECs was calculated once every 2 d using a hemocytometer (Marienfeld, Lauda-Königshofen, Germany).

2.4. Tube-like structure assay in Matrigel {#sec0006}
------------------------------------------

VECs were washed with PBS and treated with Accutase (eBioscience, Waltham, MA) for 4 min to dissociate them. Dissociated VECs (5 × 10^4^ cells) were placed on Matrigel matrix (BD Biosciences) in EGM-2 medium supplemented with VEGF-A and incubated at 37 °C, 5% CO~2~ in air for 24 h. Then, images of vascular tube-like structures were observed on an inverted microscope (Olympus, Tokyo, Japan). Total tube length was measured using ImageJ and its Angiogenesis Analyzer plugin [@bib0025].

2.5. Measurement of α-galactosidase activity {#sec0007}
--------------------------------------------

GLA activity was measured in iPSCs and iPSC-VECs using a modified fluorogenic method as previously reported [@bib0026]. In brief, approximately 4 × 10^6^ cells were gently sonicated in 200 µl of GLA assay buffer (100 mM sodium citrate, 200 mM sodium phosphate dibasic, pH 4.6) for 10 sec and centrifuged at 13,000 × g at 4 °C for 30 min. Then, the supernatant (cell lysate) was harvested. The GLA assay mixture was prepared with 30 µl of 200 mM N-acetyl-D-galactosamine (Sigma-Aldrich, St. Louis, MO), 6 µl of 50 mM 4-MU-α-D-galactopyranoside (Sigma-Aldrich), and 14 µl of GLA assay buffer. To measure GLA activity, 10 µl of supernatant and 60 µl of GLA assay mixture were placed on a Falcon® 96-well TC-treated imaging microplate (black with a clear, flat bottom and a lid, CORNING, Corning, NY), and incubated at 37 °C for 1 h. Then, 150 μl of GLA stop buffer (200 mM Glycine, pH 10.32) was added to each well to stop the fluorogenic reaction. Fluorescence was measured at Ex/Em = 355/460 nm using a Victor plate reader (Perkin Elmer, Waltham, MA).

2.6. Western blotting {#sec0008}
---------------------

Cells were lysed in PRO-PREP^TM^ protein extraction solution (Intron Biotechnology), and then the extracted proteins were quantified using the Bradford protein assay (Bio-Rad, Hercules, CA). Total proteins (20 µg) were separated on a 12% SDS-PAGE gel (Elpis Biotech, Daejeon, Korea) and then transferred to a nitrocellulose membrane (Bio-Rad). The blotted membranes were blocked with 5% skim milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST: 10 mM Tris-HCl, pH 7.5, 150 nM NaCl, and 0.1% Tween-20). The membranes were then incubated at 4 °C overnight with the following primary antibodies: SMAD2 (Cell Signaling Technology, Danvers, MA, 1:1000), p-SMAD2 (Cell Signaling Technologies, 1:1000), GLA (Abgent, San Diego, CA, 1:1000), GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA, 1:3000), TSP-1 (Santa Cruz Biotechnology, 1:2000), VEGF (Cell Signaling Technologies, 1:1000), bFGF (Cell Signaling Technologies, 1:1000), KDR (Cell Signaling Technologies, 1:1000), eNOS (Cell Signaling Technologies, 1:1000). After washing with TBST, the samples were treated with an HRP-conjugated secondary antibody (Thermo Fisher Scientific, Waltham, MA) in blocking solution at room temperature (RT) for 1 h. After washing with TBST, specific bands on the membrane were visualized using an ECL system (Thermo Fisher Scientific) according to the manufacturer\'s protocol. The density of each protein band was quantified by imageJ.

2.7. Immunostaining {#sec0009}
-------------------

The cells were washed with PBS, fixed in 4% formaldehyde at RT for 15 min, and permeabilized with 0.1% Triton X-100 in PBS at RT for 20 min. After blocking with 4% normal donkey serum (Abcam, Cambridge, UK) at RT for 1 h, the samples were incubated at 4 °C overnight with primary antibodies against OCT4 (R&D Systems, 1:300), NANOG (Abcam, 1:300), SSEA-4 (R&D Systems, 1:300), Tra-1-81 (Millipore, Billerica, MA, 1:300), Tra-1-60 (Millipore, 1:300), TSP-1 (Santa Cruz Biotechnology, 1:300), KDR (Cell Signaling Technology, 1:400), VECAD (Abcam, 1:400), or Gb3 (GeneTex, Irvine, CA, 1:100) diluted with blocking solution. After rinsing several times with PBST (0.1% Tween-20 in PBS), the samples were incubated with Alexa-488- or Alexa-594-conjugated secondary antibodies (Invitrogen) at RT for 1 h. Then, the cells were counterstained with 4′-6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) and visualized on a fluorescence microscope (Olympus, Tokyo, Japan) or a Zeiss LSM 510 confocal microscope (Carl Zeiss, Oberkochen, Germany).

2.8. Quantitative RT-PCR {#sec0010}
------------------------

Total RNAs were extracted from cells by using the easy-Blue^TM^ kit (Intron biotechnology), followed by treatment with DNase I (Invitrogen) according to the manufacturer\'s protocol. Total RNAs (1 μg) were reverse-transcribed into cDNA according to the manufacturer\'s protocol. The cDNAs were then analyzed via real-time quantitative RT-PCR (qRT-PCR) on a Bio-RAD iQ5 System (Bio-Rad) using Primer Q-Master Mix (GenetBio, Chungnam, Korea). PCR was carried out at 94 °C for 10 min to denature the DNA molecules and then for 40 cycles of 10 s at 94 °C, 25 s at 58 °C, and 30 s at 72 °C. A melt-curve analysis was performed to ensure specific amplification. All reaction sets were conducted in triplicate, and a non-template control (NTC; nuclease free water) was run for every assay. Gene expression was normalized to the endogenous reference gene *GAPDH* as an internal control and quantified using the comparative C~T~ method (∆∆C~T~). The primers, which were designed with Primer3Plus (<http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/>), are listed in Table S1.

2.9. FACS analysis {#sec0011}
------------------

The cells were dissociated by treatment with Accutase at 37 °C for 5 min. After centrifugation at 300 × g for 5 min, the cell pellets were resuspended in FACS buffer (PBS containing 2% FBS). The resuspended cells were then filtered through a cell strainer with a 40 μm pore size (SPL lifesciences, Pocheon, Korea). The cells were incubated with specific FACS antibodies against CD31, CD34, CD105, KDR, or isotype controls (Biolegend, San Diego, CA) at 4 °C for 30 min. After washing 5 times with FACS buffer, the samples were analyzed using a FACSCalibur flow cytometer (BD Biosciences). The proportion of cells expressing each respective EC marker was analyzed using the FlowJo software package (Tree star, Ashland, OR).

2.10. Immunohistochemistry of renal tissues biopsied from FD patients {#sec0012}
---------------------------------------------------------------------

Biopsied samples from 11 FD patients and 11 donors were used for this study, which was approved by the AMC Institutional Review Board (2016-0768). Renal biopsy tissues were obtained at Asan Medical Center (AMC) from FD patients from 2003 to 2018 and from normal donors in 2017. Formalin-fixed paraffin-embedded (FFPE) renal samples were cut into 4 μm-thick slices and immunostained using the Ventana Benchmark XT Automated Staining System (Ventana Medical Systems, Tucson, AZ) according to the manufacturer\'s protocol. The antibody information and dilution conditions are as follows: TSP1 (Abcam, 1:100); NOS3 (Santa Cruz Biotechnology, 1:100); ANG2 (BIOSS Antibodies, Woburn, MA, 1:50), KDR (Cell Signaling Technology, 1:400), and VECAD (Abcam, 1:400). The intensity of the staining for each respective marker was evaluated in the endothelial cells of peritubular capillaries. The intensity of the staining was arbitrarily scored on a scale of 0--3. The number of cells expressing each marker was counted and scored using the following formula: Score = (0 × No. of cells with intensity 0) + (1 × No. of cells with intensity 1) + (2 × No. of cells with intensity 2) + (3 × No. of cells with intensity 3) in two high power fields (× 400).

2.11. RNA-Sequencing analysis {#sec0013}
-----------------------------

Total RNAs were extracted from various samples using the easy-Blue^TM^ kit. RNA-Sequencing and data analysis were carried out by EBIOGEN Inc. (Seoul, Korea). Briefly, RNA quality was assessed using an Agilent 2100 bioanalyzer (Agilent Technologies, Amstelveen, Netherlands). Library construction was performed using the QuantSeq 3' mRNA-Seq Library Prep Kit (Lexogen, Inc., Greenland, NH) according to the manufacturer\'s protocol. High-throughput sequencing was performed as single-end 75 sequencing using a NextSeq 500 (Illumina, Inc., San Diego, CA). Analysis of differentially expressed genes and gene ontologies was carried out using the Excel-based Differentially Expressed Gene Analysis (ExDEGA) software package provided by EBIOGEN Inc. Heatmap generation and clustering analysis was performed using R (version 3.6.0) and MeV (version 4.9.0) for selected genes.

2.12. Measurement of oxygen consumption rate {#sec0014}
--------------------------------------------

VECs were seeded on gelatin-coated XFe96 microplates at a density of 40,000 cells/well and incubated in EGM2 medium overnight. The cells were retained in non-buffered assay medium (Seahorse Bioscience, North Billerica, MA) supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose in a non-CO~2~ incubator for 1 h before the assay. The Mito Stress Test kit (Seahorse Bioscience) was used to monitor the mitochondrial respiration rate under basal conditions. After sequential injections of an ATP synthase inhibitor (oligomycin, 3 µM), a mitochondrial uncoupling agent (carbonyl cyanide-4-(trifluoromethoxy)phenyl-hydrazone (FCCP), 1 µM), and respiratory chain inhibitors (antimycin A and rotenone, 1.5 µM), oxygen consumption rates (OCR) were measured using the Seahorse XFe96 analyzer (Seahorse Bioscience). Data are presented as means ± SEM from 8 wells/plate.

2.13. Correction of *GLA* mutation in FD-iPSCs by CRISPR/Cas9 {#sec0015}
-------------------------------------------------------------

To correct *GLA* gene mutations with CRISPR/Cas9, recombinant Cas9 protein was purchased from ToolGen, Inc (Seoul, Korea). The targeting sgRNA for the mutated *GLA* gene was synthesized via *in vitro* transcription using T7 RNA polymerase (New England Biolabs, Ipswich, MA) as described previously [@bib0027]. Briefly, the sgRNA template was synthesized by the annealing and extension of two oligonucleotides (Table S5). Then, sgRNAs were generated by *in vitro* transcription from the sgRNA template. *In vitro* transcription was performed using T7 RNA polymerase supplemented with NTPs and RNase inhibitor overnight at 37 °C. *In vitro* transcribed sgRNAs were then treated with DNase I for 30 min at 37 °C and purified using the MinElute Cleanup kit (Quagen, Hilden, Germany). The CRISPR/Cas9 RNP complex was prepared by incubating 20 µg of Recombinant Cas9 and 15 µg of sgRNA at RT for 5 min. FD-iPSCs (approximately 200,000 cells) were transfected with the CRISPR/Cas9 RNP complex and 100 pmol ssODN [@bib0028] using the Amaxa P3 Primary Cell 4D-Nucleofector Kit (Lonza, Allendale, NJ). Three days after transfection, FD-iPSCs were harvested and seeded on culture dishes coated with Matrigel (BD Biosciences). After 7--10 d of culture, FD-hiPSC colonies were detached using Dispase (STEMCELL Technologies) and transferred individually to 48-well culture dishes. Half of each colony was scraped for genotyping using targeted deep sequencing. The primers used for the targeted deep sequencing are listed in Table S4.

2.14. Genetic ablation of TSP1 in FD-iPSCs by CRISPR/Cas9 {#sec0016}
---------------------------------------------------------

To introduce genetic mutations into the TSP1 gene of FD-iPSCs, 15 μg of Cas9 and 10 μg of the sgRNAs for each of two target sites (TSP-T1, TSP-T2) were incubated at RT for 5 min to form CRISPR/Cas9 RNP complexes. Then, each CRISPR/Cas9 RNP complex was introduced to 200,000 FD-iPSCs using the Amaxa P3 Primary Cell 4D-Nucleofector Kit (Lonza). Targeted deep sequencing was performed to check gene targeting efficiency and to establish TSP1-KO clones as described above.

2.15. Targeted deep sequencing for analyzing sgRNA off-target effects in FD-iPSCs {#sec0017}
---------------------------------------------------------------------------------

To examine the off-target mutation frequency of CRIPSR/Cas9 in FD-iPSCs, genomic DNA from CRIPSR/Cas9-transfected FD-iPSCs was extracted using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). The on-target and off-target regions were amplified using Phusion High-Fidelity DNA polymerase (New England Biolabs). PCR amplicons were amplified using HT Dual index-containing primers to generate deep sequencing libraries. The DNA libraries were then sequenced using an Illumina MiniSeq. The RGEN tool was used for analyzing the indel and HDR frequencies (Cas-analyzer) and for finding potential off-target sites (Cas-OFFinder) \[[@bib0029],[@bib0030]\]. The primers used for amplification of the targeted genes are listed in Table S4.

2.16. Statistical analysis {#sec0018}
--------------------------

All statistical analyses in this study were performed using Prism 5 (Graphpad software, Inc., CA, USA). All data are shown as means ± SEM. Statistical significance was analyzed using the Student\'s *t*-test. P values are represented as follows: \* *p* \< 0.05; \*\* *p* \< 0.01\*\*; \*\*\* *p* \< 0.001.

3. Results {#sec0019}
==========

3.1. Genetic mutations and clinical records for four FD patients {#sec0020}
----------------------------------------------------------------

[Table 1](#tbl0001){ref-type="table"} summarizes the clinical records for four FD patients. Each of these FD patients had different GLA mutations. A 37-year-old Fabry patient (FD-1) had a genomic deletion (c.803_806del) causing a frame shift in exon 6 and amino acid position 268. Another 50-year-old Fabry patient (FD-2) had a point mutation (c.658C\>T) producing a stop codon in exon 5. A 28-year-old Fabry patient (FD-3) had a single point mutation (c.334C\>T) that caused the insertion of an alternative amino acid in exon 2. Another 28-year-old Fabry patient (FD-4) had a single point mutation (c.1045T\>C) that altered an amino acid in exon 7. The clinical records of each of these four patients with their distinct mutations showed extremely low GLA activity. Although treatment with agalsidase-β (Fabrazyme, Genzyme, A Sanofi company, Cambridge, MA) reduced the high levels of Gb3 in each of these patients to normal levels, they still exhibited classic Fabry disease symptoms, such as angiokeratoma, cornea verticillata, proteinuria, and acroparesthesia despite long-term (3--12 years) ERT. These clinical data suggest Gb3 reduction by recombinant α-galactosidase treatment does not repress the progressive etiology of Fabry disease.Table 1Genetic mutations and clinical records of four Fabry patients.Table 1Patient NumberFD-1FD-2FD-3FD-4GenderMaleMaleMaleMaleAge37 yr28 yr50 yr28 yrDiagnosis (Giuliano and Pages)18 yr24 yr32 yr20 yrPhenotypeClassicalClassicalClassicalClassicalGLA activity,^1^ % of Median Wild type0.0%0.6%0.0%0.6%GLA mutation c.c.803_806delc.658C\>Tc.334C\>Tc.1045T\>CGLA mutation p.p.L268fs\*1p.Arg220\*p.Arg112Cysp.Trp349ArgERT duration (yrs)0120301107Serum GL3 (3.9--9.9 ug/ml)184.8168.3105.5125.6Angiokeratoma(+)(+)(+)(+)(+)(+)(+)(+)Cornea verticillata(+)(+)(+)(+)(+)(+)(+)(+)Sensorineural hearing loss(+)(+)(-)(+)(+)(+)(-)(-)EKG abnormalityWPWWPWSBSBSBSBWPWWPWCardiac hypertrophy(-)(-)(-)(-)(+)(+)(-)(-)LV mass (g/m^2^)n.a.89899812615394105Anhidrosis/ Hypohydrosis(+)(+)(+)(+)(+)(+)(+)(+)Acroparesthesia(+)(+)(+)(+)(-)(-)(+)(+)Proteinuria (mg/day/m^2^)111060.03^2^73109987235Estimated glomerular filtration rate (ml/min/1.73m^2^)1411391251225846123122

3.2. Generation of FD-iPSCs {#sec0021}
---------------------------

To study human Fabry disease *in vitro*, we generated FD-iPSC lines from fibroblasts of each of four different patients. Like WT-iPSCs, these FD-iPSCs expressed pluripotency-associated markers (Supplementary Fig. 1a) and showed demethylation of the *OCT4, NANOG,* and *REX1* promoters (Supplementary Fig. 1b). FD-iPSCs have normal karyotypes (Supplementary Fig. 1c). Unlike WT-iPSCs, the FD-iPSCs were Gb3-positive within lysosomes (Supplementary Fig. 1e, arrows in the left panel) and showed very little GLA activity (Supplementary Fig. 1f). Treatment of the FD-iPSCs with a recombinant α-galactosidase A protein (agalsidase-ß) reduced some of their Gb3 accumulation (Supplementary Fig. 1e, right panel). These results demonstrate that FD-iPSCs can retain pluripotency even in the presence of GLA deficiency-induced Gb3 accumulation.

3.3. Differentiation of FD-iPSCs into vascular endothelial cells {#sec0022}
----------------------------------------------------------------

The progressive accumulation of Gb3 in vascular endothelial lysosomes causes the major FD complications such as renal failure, ischemic stroke, and hypertrophic cardiomyopathy [@bib0031]. To better understand how Gb3 accumulation influences angiogenesis *in vitro*, we induced the differentiation of FD-iPSCs into vascular endothelial cells (VECs). The protocol for this differentiation of iPSCs into VECs is described in [Fig. 1](#fig0001){ref-type="fig"}a. Before achieving terminal differentiation into VECs, we isolated CD34^+^ progenitors at 7 d of differentiation from iPSCs by MACS sorting. We did not detect any difference in the proportion of endothelial cell progenitors (CD34^+^CD31^+^) among WT- and FD-derivatives ([Fig. 1](#fig0001){ref-type="fig"}b). Then, we further differentiated isolated CD34^+^ progenitors into vascular endothelial cells for 7--9 d. Like WT, endothelial cells differentiated from FD-derivatives (FD-VECs) at 15 d of culture showed expression of the endothelial cell markers CD31, KDR, and VE-cadherin ([Fig. 1](#fig0001){ref-type="fig"}c), as well as the endothelial cell surface markers CD31, CD105, and KDR ([Fig. 1](#fig0001){ref-type="fig"}d). FD-VECs showed no GLA activity ([Fig. 1](#fig0001){ref-type="fig"}e), thereby leading to the accumulation of Gb3 ([Fig. 1](#fig0001){ref-type="fig"}f, upper row). But, this Gb3 accumulation in FD-VECs was reduced by agalsidase-β treatment ([Fig. 1](#fig0001){ref-type="fig"}f, lower row). These results indicate that FD-iPSCs develop into VECs despite the presence of Gb3 accumulation *in vitro*.Fig. 1Differentiation of FD-iPSCs into vascular endothelial cells (VECs) (a) A schematic protocol for the differentiation of FD-iPSCs into VECs. Detailed procedures are described in the Materials & methods. D, day. (b) Differentiation efficiency of FD-iPSCs into vascular endothelial progenitors (VEPs). Ratios of VEPs (CD34+CD31+) differentiated from FD-iPSCs ranged from \~16%--19%, which are similar to that of WT-iPSCs (18.0%). (c) Expression of EC markers in FD-VECs. Like WT-VECs, FD-VECs express the EC markers CD31, KDR, and VE-CAD. Scale bar, 100 μm. (d) Expression of EC surface makers in FD-VECs. More than 90% of FD-VECs are positive for CD31, CD105, and KDR. (e) Low GLA activity in FD-VECs compared with WT-VECs. The data are expressed as means ± SEM (*n* = 3). \*\*\* *p* \< 0.001. (f) Gb3 accumulation in FD-VECs. FD-VECs accumulate Gb3, but this is reduced upon treatment with agalsidase-ß (agal). Scale bar, 50 μm.Fig 1

3.4. Defective angiogenesis of FD-iPSC-derived vascular endothelial cells (FD-VECs) {#sec0023}
-----------------------------------------------------------------------------------

To test the functionality of FD-VECs *in vitro*, we carried out a tube-like structure assay. Early stage FD-VECs (3 d of EC development from isolated CD34^+^ progenitors) formed vascular tube-like structures in Matrigel (Supplementary Fig. 2a). Unlike WT-VECs, late stage FD-VECs (9 d of EC development) did not form tube-like structures even after agalsidase-β treatment ([Fig. 2](#fig0002){ref-type="fig"}a). They also showed aberrant morphology with round shapes and reduced proliferative capacity (Supplementary Fig. 2b and 2c). This suggests the angiogenic ability of FD-VECs is gradually reduced during *in vitro* culture. When we compared FD-VECs and WT-VECs, we saw reduced expression of angiogenic genes like *ANG2* and *VEGF*, and increased expression of the anti-angiogenic factor *THBS1,* regardless of agalsidase-β treatment. This was the case despite some variation in gene expression among the respective FD-VECs ([Fig. 2](#fig0002){ref-type="fig"}b). We found, however, that the expression of the EC marker gene *VECAD* in both WT- and FD-VECs was similar. We then confirmed in WT- and FD-VECs that their protein expression profiles were analogous to their respective transcriptional activity profiles ([Fig. 2](#fig0002){ref-type="fig"}c). Thus, it is likely that Gb3 accumulation is indirectly associated with the reduced tube-like structure observed in FD-VECs. In an immunofluorescent analysis, we found enhanced expression of TSP-1 in FD-VECs even after agalsidase-β treatment ([Fig. 2](#fig0002){ref-type="fig"}d). TSP-1 binds to free- and or cell-associated VEGF [@bib0032] and scavenges ECM-associated FGF2 [@bib0033]. Thus, TSP-1 regulates the bioavailability of VEGF and FGF2 in each cell\'s microenvironment [@bib0034]. VEGF regulates the expression of KDR and FGF2 to modulate the expression of eNOS \[[@bib0035],[@bib0036]\]. We were able to confirm that the enhanced TSP-1 in FD-VECs is associated with reduced expression of KDR and eNOS, despite little variation in protein expression levels among the FD-VECs originating from each patient ([Fig. 2](#fig0002){ref-type="fig"}e). To determine whether Gb3 accumulation is associated with enhanced TSP-1 expression in FD, we treated WT-VECs with Lyso-Gb3 during EC culture. We found this treatment increased their expression of TSP-1 and reduced their expression of KDR and eNOS in a day-dependent manner (Supplementary Fig. 4c). These results suggest Gb3 accumulation indirectly contributes to the up-regulation of TSP-1 and the down-regulation of KDR and eNOS in FD. Thus, it is likely that a paucity of tube-like structure in FD-VECs is responsible for the down-regulation of angiogenic factors and the up-regulation of anti-angiogenic factors. In addition, agalsidase-β treatment does not seem to be effective for improving the angiogenic activity of FD-VECs.Fig. 2Dysfunctional angiogenesis of FD-VECs. (a) Abnormal tube-like structure of FD-VECs. Unlike WT-VECs, FD-VECs do not form tubular structures regardless of enzyme treatment. Scale bar, 200 μm. (b) Transcriptional expression of angiogenic and anti-angiogenic factors in WT- and FD-VECs. The data are expressed as means ± SEM (*n* = 3). \* *p* \< 0.05; \*\* *p* \< 0.01. (c) Expression of angiogenic and anti-angiogenic factors in FD-VECs. The angiogenic factors VEGF and ANG2 are down-regulated, while TSP-1 is up-regulated in FD-VECs compared to WT-VECs. (d) Immunostaining of TSP-1 in FD-VECs. TSP-1 is overexpressed in FD-VECs regardless of enzyme treatment when compared with WT-VECs. Scale bar, 50 μm. (e) Reduced expression of KDR and eNOS in FD-VECs. The relative protein ratios were quantified using the ImageJ software. The data are expressed as means ± SEM (*n* = 3). \* *p* \< 0.05; \*\* *p* \< 0.01; \*\*\* *p* \< 0.001.Fig 2

3.5. Aberrant expression of angiogenesis-associated factors in renal biopsies of FD patients {#sec0024}
--------------------------------------------------------------------------------------------

Using immunohistochemistry, we visualized the expression patterns of angiogenic and anti-angiogenic factors in the peritubular capillaries of renal tissues biopsied from 11 FD patients and 12 normal kidney donors ([Fig. 3](#fig0003){ref-type="fig"}a). Red arrows indicate representative peritubular capillaries in each sample. We found significantly higher expression of the anti-angiogenic factor TSP-1 and reduced expression of the angiogenic factors eNOS, KDR, and ANG2 in the FD patient samples as compared to the normal kidney donor samples ([Fig. 3](#fig0003){ref-type="fig"}b). Thus, the renal peritubular capillaries of FD patients show aberrant expression of angiogenesis-associated factors. Nonetheless, we found similar levels of expression of the EC marker VECAD in the peritubular capillaries of FD and donor samples ([Fig. 3](#fig0003){ref-type="fig"}b). These results imply that although peritubular capillaries may form normally, they become dysfunctional in the kidneys of FD patients. Apart from the accumulation of Gb3, glomerular structure appeared normal in both FD and donor samples (Supplementary Fig. 3). These results from FD patient biopsies indirectly support the dysfunction of FD-iPSC-derived FD-VECs shown in [Fig. 3](#fig0003){ref-type="fig"}.Fig. 3Immunohistochemistry of renal tissues biopsied from FD patients (*n* = 11) and donors (*n* = 11). (a) Immunohistochemistry of renal tissues for TSP-1, eNOS, KDR, and ANG2. Red arrows indicate endothelial cells of peritubular capillaries. Scale bar, 50 μm. (b) Quantitative scoring of IHC in endothelial cells of peritubular capillaries. The data are expressed as means ± SEM. \* *p* \< 0.05; \*\* *p* \< 0.01; \*\*\* *p* \< 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig 3

3.6. Roles of SMAD2 signaling in the angiogenesis of FD-VECs {#sec0025}
------------------------------------------------------------

TSP-1 is a major regulator of TGF-β signaling that plays an important role in angiogenesis [@bib0037]. In the analysis of RNA sequencing data from FD-VECs, we identified 4 up-regulated GO terms related to SMAD signaling (Supplementary Fig. 8a). Hence, we wanted to explore whether SMAD signaling is associated with the dysfunctional angiogenesis observed for FD-VECs. As shown in [Fig. 4](#fig0004){ref-type="fig"}a, FD-VECs produce higher levels of p-SMAD2 than WT-VECs regardless of agalsidase-β treatment, although the statistical significance of the difference in sample was different. To clarify whether SMAD2 activation enhances TSP-1 expression, we treated WT- CD34^+^ progenitors with Activin A (ActA) for 5 d. Indeed, we found ActA-treated WT-VECs show significantly increased expression of TSP-1 and reduced expression of eNOS ([Fig. 4](#fig0004){ref-type="fig"}b), just like the FD-VECs shown in [Fig. 2](#fig0002){ref-type="fig"}E. We confirmed with immunostaining that WT-VECs treated with ActA increase their expression of TSP-1 ([Fig. 4](#fig0004){ref-type="fig"}c). Thus, overexpression of TSP-1 is associated with activation of SMAD2 signaling in FD-VECs. When we inhibited SMAD2 signaling in FD-VECs by treatment with SB431542 for 2 d, we found reduced expression of TSP-1 and increased expression of KDR and eNOS ([Fig. 4](#fig0004){ref-type="fig"}d). This suppression of SMAD2 signaling also produced a morphological recovery in FD-VECs (Supplementary Fig. 5). The chemical-treated FD-VECs showed some tube-like structure ([Fig. 4](#fig0004){ref-type="fig"}e). These results demonstrate that the dysfunctional activity of FD-VECs accounts for the hyperactivation of SMAD2 signaling and that inhibition of SMAD2 signaling rescues angiogenesis in FD-VECs. Thus, SMAD2 signaling functions as a key regulator leading to the dysfunction of angiogenesis in FD-VECs. Based on our findings, it seems likely that the modulation of SMAD2 signaling will be more effective in improving the angiogenic activity of FD-VECs than agalsidase-β treatment.Fig. 4Role of SMAD2 signaling in FD-VECs. (a) Activation of SMAD2 signaling in FD-VECs. Western blot analysis showing increased p-SMAD2 in FD-VECs. The data are expressed as means ± SEM (*n* = 3). \* *p* \< 0.05; \*\* *p* \< 0.01. (b) Enhanced SMAD2 signaling in Activin A-treated WT-VECs. Activation of SMAD2 signaling increases the expression of TSP-1. (c) Expression of TSP-1 in Activin A-treated WT-VECs. Scale bar, 200 μm. (d) Down-regulation of SMAD2 signaling in FD-VECs by TGF-β inhibition. Treatment of FD-VECs with SB (SB431542) reduces p-SMAD2 and TSP-1, but increases KDR and eNOS. (e) Rescue of angiogenic dysfunction in FD-VECs by inhibition of SMAD2 signaling. Tube-like structures formed by FD-VECs recovered upon treatment with SB. Scale bar, 100 μm. The data are expressed as means ± SEM (*n* = 3). \* *p* \< 0.05; \*\* *p* \< 0.01; \*\*\* *p* \< 0.001.Fig 4

3.7. Knockout of TSP-1 in FD-1-iPSCs using CRISPR/Cas9 {#sec0026}
------------------------------------------------------

Next, we asked whether TSP-1 is also critical for angiogenesis in FD-VECs. We generated TSP-1-Knockout (KO) cells in FD-iPSCs using the CRISPR/Cas9 system. To disrupt TSP-1 expression in FD-1-iPSCs, we introduced two sgRNAs designed by Cas-Designer (<http://Rgenome.net/cas-designer>) into FD-1-iPSCs. The TSP-1 KO strategy and sgRNA target sequences are shown in Supplementary Fig. 6a. Of the two TSP-1 target sgRNAs (Supplementary Fig. 6b), the T2 sgRNA gave a higher indel efficiency in FD-1-iPSCs (Supplementary Fig. 6c). Thereafter, we transfected FD-1-iPSCs with this TSP-1-specific sgRNA (T2) and Cas9. Of 30 transfected clones, we found 3 TSP-1 KO clones using targeted deep sequencing. Of these three, only one clone successfully maintained pluripotency during subsequent cultures. FD-1-TSP-1^−/−^ iPSCs showed biallelic mutations in the *THBS-1* gene lacking 23 bp and 9 bp stretches, respectively (Supplementary Fig. 6d). Interestingly, unlike what we saw with FD-VECs and agalsidase-ß-treated FD-VECs, we were able to produce normal looking VECs from FD-1-TSP-1^−/−^ iPSCs (Supplementary Fig. 6e). We did not observe any transcription of THBS1 in FD-1-TSP-1^−/−^ VECs ([Fig. 5](#fig0005){ref-type="fig"}a), nor did TSP-1^−/−^ VECs show increased expression of the angiogenic factors KDR and eNOS or reduced p-SMAD2 levels ([Fig. 5](#fig0005){ref-type="fig"}b). Also, unlike FD-1 and agalsidase-ß-treated FD-1 VECs, we found FD-1-TSP-1^−/-^ VECs recovered the ability to form tubules ([Fig. 5](#fig0005){ref-type="fig"}c). These results indicate enhanced TSP-1 plays a key role in the dysfunctional angiogenesis of FD-VECs.Fig. 5Knock-out (KO) of TSP-1 in FD-1-iPSCs using the CRISPR/CAS9 system. (a) No transcriptional expression of THBS1 in FD-1-TSP-1^−/−^ VECs. The data are expressed as means ± SEM (*n* = 3). \* *p* \< 0.05. (b) Decreased p-SMAD2 in FD-1-TSP-1^−/−^ VECs. FD-1-TSP-1^−/−^ VECs show enhanced expression of KDR and eNOS but reduced SMAD2 signaling. The data are expressed as means ± SEM (*n* = 2). \* *p* \< 0.05; \*\* *p* \< 0.01. (c) Tube-like structure formation in FD-1-TSP-1^−/−^ VECs. Knockout of TSP-1 restores tube-like structure formation in FD-1-VECs. Scale bar, 200 μm.Fig 5

3.8. Correction of the mutated GLA gene using the CRISPR/Cas9 system in FD 1-iPSCs {#sec0027}
----------------------------------------------------------------------------------

To determine whether it is reduced GLA activity that interferes with the angiogenic activity of FD-VECs, we corrected a hemizygous *GLA* mutation in FD-iPSCs using the CRISPR/Cas9 genome editing tool. We performed the gene correction in FD-iPSCs via ribonucleoprotein (RNP) and single-stranded oligodeoxynucleotide (ssODN) delivery (Supplementary Fig. 7a). To discriminate the reference *GLA* sequence, we introduced four silent mutations in the ssODN (Supplementary Fig. 7b). We designed two sgRNAs near the mutated region to correct a deletion mutation in the GLA gene (Supplementary Fig. 7b). Of those sgRNAs, the T2 sgRNA showed a higher HDR frequency than the T1 sgRNA (Supplementary Fig. 7c). To assess off-target effects for the T2 sgRNA, we examined potential off-target sites that differed from the on-target site by up to three nucleotides using Cas-OFFinder [@bib0029]. Indel mutations for a total of 11 potential off-target sites for sgRNA\#2 were examined in the genome of Cas9 protein-treated FD-1-iPSCs by targeted deep sequencing, but we found no evidence of off-target indels at those potential off-target sites (Supplementary Fig. 7f). These results indicate the T2 sgRNA specifically targets the mutated region of the GLA gene. We then seeded CRIPSR/Cas9-transfected FD-1-iPSCs as single cells to obtain gene-corrected iPSC clones. Of the 48 clones we analyzed by targeted deep sequencing, we identified one as gene-corrected by Sanger sequencing (Supplementary Fig. 7e). The resulting gene-corrected FD-1-Cor-iPSCs ([Fig. 6](#fig0006){ref-type="fig"}a) and their differentiated FD-1-Cor-VECs ([Fig. 6](#fig0006){ref-type="fig"}b) both showed significantly improved GLA activity when compared with their respective non-corrected controls. We also found enhanced expression of the angiogenic factors KDR and eNOS and reduced levels of TSP-1 and p-SMAD2 in FD-1-Cor-VECs ([Fig. 6](#fig0006){ref-type="fig"}c). Using immunostaining, we confirmed FD-1-Cor-VECs produce low WT-like levels of TSP-1 ([Fig. 6](#fig0006){ref-type="fig"}d). Furthermore, unlike FD-1 and agalsidase-ß-treated FD-1 VECs, FD-1-Cor-VECs were capable of forming tubules ([Fig. 6](#fig0006){ref-type="fig"}e). These results suggest GLA mutation in FD-VECs leads to vascular dysfunction by enhancing the expression of anti-angiogenic factors.Fig. 6Correction of the *GLA* mutation in FD-1-iPSCs using the CRISPR/CAS9 system. (a) GLA activity in FD-1-Cor-iPSCs. The data are expressed as means ± SEM (*n* = 3). \*\*\* *p* \< 0.001. (b) GLA activity in FD-1-VECs. The data are expressed as means ± SEM (*n* = 3). \*\*\* *p* \< 0.001. (c) Angiogenesis recovery in FD-1-Cor-VECs. Like WT-VECs, FD-1-Cor-VECs form tube-like structures. Scale bar, 200 μm. (d) Rescue of SMAD2 signaling in FD-1-Cor-VECs. Compared to their levels in FD-1-VECs, correction of the mutated *GLA* gene increases the expression of KDR and eNOS and reduces the levels of TSP-1 and p-SMAD2. The data are expressed as means ± SEM (*n* = 2). \*\* *p* \< 0.01. (e) Immunostaining of TSP-1 in FD-1-Cor-VECs. Expression of TSP-1 is reduced in FD-1-Cor-VECs to a level similar to that of WT-VECs. Scale bar, 50 μm.Fig 6

3.9. FD-VECs show altered transcriptional profiles in oxidative stress-related genes {#sec0028}
------------------------------------------------------------------------------------

In an RNA-sequencing (RNA-seq) analysis, we found global changes in the transcriptomes of FD-1-VECs and FD-1-VECs+agal that were mostly analogous to the changes in FD-1-Cor-VECs and FD-1-TSP-1^−/−^ VECs when compared to WT-VECs ([Fig. 7](#fig0007){ref-type="fig"}a). Next, because FD is a lysosomal storage disorder, we examined gene ontologies related to lysosomes and cell metabolism. We observed in FD-1-Cor-VECs and FD-1-TSP-1^−/−^ VECs a recovery of the changes we observed in the differentially expressed genes (DEGs) related to lysosomes in FD-VECs to levels similar to WT-VECs ([Fig. 7](#fig0007){ref-type="fig"}b). These results imply GLA mutations or TSP1 overexpression induce aberrant transcriptional activities in metabolic genes, including those related to oxidative stress, lysosomes, mitochondria, peroxisomes, and the endoplasmic reticulum. Furthermore, when we corrected the mutated GLA gene or knocked out TSP1 in FD-VECs, it rescued the expression of genes associated with angiogenesis, aging, cell migration, cell proliferation, the extracellular matrix, and the regulation of endothelial cell apoptosis to levels similar to those of WT-VECs (Supplementary Fig. 8b). Thus, it is conceivable that the enhanced expression of TSP-1 caused by GLA mutations induces the metabolic and cellular dysfunction of FD-VECs. We also confirmed the recovery of the expression of several oxidative stress-related genes (i.e., Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (*PPARGC1A*), NADPH oxidase 4 (*NOX4*)*,* Amphiregulin*,* (*AREG*)*,* and Prostaglandin-endoperoxide synthase 2 (*PTGS2*)) in FD-1-Cor-VECs and FD-1-TSP-1^−/-^ VECs by RT-PCR ([Fig. 7](#fig0007){ref-type="fig"}c). Furthermore, we found using a mitochondrial respiration assay that the increased oxidation consumption rate (OCR) of FD-VECs is reduced in FD-1-Cor-VECs and FD-1-TSP-1^−/−^ VECs ([Fig. 7](#fig0007){ref-type="fig"}d). Collectively, we have demonstrated that the correction of the GLA mutation in FD-VECs or knock-out of TSP1 rescues their metabolic dysfunction and reduces oxidative stress.Fig. 7RNA-sequencing analysis. (a) Heat map and hierarchical clustering of the RNA-seq data from FD-1-VECs, FD-1-VECs+agal, WT-VECs, FD-1-Cor-VECs, and FD-1-TSP-1^−/-^ VECs. (b) Heat map of the significant transcriptional changes in metabolism-associated genes. (c) Transcriptional expression of oxidative stress-associated genes as measured by qPCR. The data are expressed as means ± SEM (*n* = 2). \* *p* \< 0.05; \*\* *p* \< 0.01\*\*; \*\*\* *p* \< 0.001. (d) Oxygen consumption rates in FD-VECs as measured with a Seahorse XF24 analyzer. (e) A schematic model for vasculopathy in FD-VECs.Fig 7

4. Discussion {#sec0029}
=============

Here, we report for the first time that the overexpression of TSP-1 and/or the activation of SMAD2 signaling caused by Gb3 accumulation lead to endothelial cell dysfunction in FD. Gb3 accumulation contributes to several clinical complications for FD patients (i.e., angiokeratoma, cornea verticillata, hypertrophic cardiomyopathy, ischemic stroke, and renal failure) that all progress with age ([www.bravecommunity.com](http://www.bravecommunity.com){#interref0006}). It is assumed that these clinical phenotypes are caused by Gb3 accumulation in the endothelium \[[@bib0038],[@bib0039]\]. Thus, we suspected the progressive complications of FD patients may be caused by dysfunctional angiogenesis. To test this hypothesis, we induced the differentiation of FD-iPSCs into VECs and examined the functionality of the resulting FD-VECs. FD-VECs show no angiogenic capacity even after the transient removal of Gb3 by enzymatic treatment. Intriguingly, we found enhanced TSP-1 and p-SMAD2 levels in FD-VECs compared to WT-VECs. We also found that the knockout of TSP-1 or the suppression of p-SMAD2 activity rescues the angiogenic activity of FD-VECs. Based on our results, we propose a new model for the impaired angiogenesis of FD in which Gb3 accumulation caused by deficient GLA activity leads to enhanced expression of TSP-1. Then, this increased TSP-1 expression activates latent TGF-ß in FD-VECs, thereby disrupting angiogenesis.

Angiogenesis begins with the remodeling of tube-like structures formed from endothelial cell precursors. This allows vessels to grow as they form branches and sprout new vessels [@bib0040]. Complicated intercellular signaling in the initial tube-like structure recruits support cells such as pericytes, smooth muscle cells, and fibroblasts that help remodel the extracellular matrix \[[@bib0041],[@bib0042]\]. The evolvement and remodeling of the vascular network is accomplished by interactions of angiogenesis-associated factors with their receptors and down-stream signaling networks [@bib0043]. We found FD-VECs are capable of forming tube-like structures at an early stage of differentiation (Supplementary Fig. 2a), but not at later stages of differentiation ([Fig. 2](#fig0002){ref-type="fig"}a) because late stage-FD-VECs show aberrant expression of angiogenesis-associated factors ([Fig. 2](#fig0002){ref-type="fig"}c and e). Thus, although FD-VECs can form vascular tubes at early stages, they seem to lose this ability as they differentiate. We also observed abnormal expression of angiogenesis-associated factors (except for VECAD) in the peritubular capillaries of renal biopsies from FD patients ([Fig. 3](#fig0003){ref-type="fig"}). This weak angiogenic competence in late-stage FD-VECs suggests that the complications FD patients face as they age are likely caused by a progressive reduction in VEC functionality.

TGF-β signaling plays important roles in vascular remodeling via its activation of endothelial cell proliferation and migration \[[@bib0044],[@bib0045]\]. Additionally, TGF-β1 regulates the expression of KDR and cell surface VEGF binding capacity, thereby controlling the functionality of VECs [@bib0046]. Here, we found strong activation of SMAD2 signaling in FD-VECs regardless of whether they had been treated with agalsidase-β ([Fig. 4](#fig0004){ref-type="fig"}a). We were also able to rescue the ability of FD-VECs to form tubules by inhibiting SMAD2 signaling ([Fig. 4](#fig0004){ref-type="fig"}e). Thus, enhanced SMAD2 signaling causes FD-VEC dysfunction. In addition, agalsidase-β treatment cannot normalize SMAD2 signaling defects in FD-VECs ([Fig. 4](#fig0004){ref-type="fig"}d and e). It is therefore likely that although agalsidase-β treatment transiently reduces Gb3 accumulation, it does not affect TGF-β signaling in FD patients. In a gene ontology analysis, we found 4 GO terms related to SMAD signaling that were particularly highly ranked in FD-VECs (Supplementary Fig. 8a). Still, the mechanisms by which Gb3 accumulation activates SMAD2 signaling remain unclear. Together, our findings imply activated TGF-β signaling is closely linked to FD-associated vasculopathy.

TSP-1 binds diverse ligands and receptors in the extracellular matrix [@bib0047]. TSP-1 bound to VEGF or FGF2 acts as an endogenous inhibitor of angiogenesis by inhibiting endothelial cell migration, growth, and permeability [@bib0048]. Enhanced TSP-1 levels reduce neovascularization in patients with peripheral artery disease [@bib0049]. Unexpectedly, in this study, we found FD-VECs show strongly enhanced TSP-1 expression compared to WT-VECs ([Fig. 2](#fig0002){ref-type="fig"}c). We hypothesized that this enhanced TSP-1 expression contributes to their abnormal morphology (Supplementary Fig. 2b), reduced proliferation (Supplementary Fig. 2c), and defects in forming tube-like structures ([Fig. 2](#fig0002){ref-type="fig"}a). We found that FD-VECs differentiated from TSP-1 KO-iPSCs show normal morphology (Supplementary Fig. 6e) and form normal tube-like structures ([Fig. 5](#fig0005){ref-type="fig"}). We also found that the peritubular capillaries of renal biopsies from FD patients show enhanced TSP-1 expression when compared to control tissues ([Fig. 3](#fig0003){ref-type="fig"}). Thus, our results suggest that the dysfunctional angiogenesis of FD patients is likely caused by enhanced TSP-1 expression in FD-VECs.

TGF-β is activated in bovine aortic endothelial cells when TSP-1 binds latent TGF-β [@bib0050] and causes a conformational rearrangement of the TGF-β LAP [@bib0051]. TGF-β1 stimulates the expression of angiogenic (VEGF-A) and antiangiogenic factors (TSP-1 and sFlt-1) in rat proximal tubular cells [@bib0052]. Until now, however, it remained unclear whether TGF-β signaling regulates the expression of TSP-1 in FD-VECs. Here, we report that the activation of TGF-β signaling enhances the expression of TSP-1 in FD-VECs. Activation of SMAD2 signaling enhances TSP-1 expression in WT-VECs ([Fig. 4](#fig0004){ref-type="fig"}b and c), and, conversely, inhibition of SMAD2 signaling reduces TSP-1 in FD-VECs ([Fig. 4](#fig0004){ref-type="fig"}d). In addition, TSP-1-KO FD-VECs show reduced p-SMAD2 ([Fig. 5](#fig0005){ref-type="fig"}b), and correction of their mutated GLA gene down-regulates both the levels of p-SMAD2 and TSP-1 ([Fig. 6](#fig0006){ref-type="fig"}c). Interestingly, the reduction of p-SMAD and/or TSP-1 rescues the functionality of FD-VECs ([Figs. 4](#fig0004){ref-type="fig"}e, [5](#fig0005){ref-type="fig"}c, and [6](#fig0006){ref-type="fig"}e). Thus, elevated p-SMAD2 and TSP-1 contribute to FD-VEC dysfunction. Based on these results, it is possible that reciprocal interactions between SMAD2 signaling and TSP-1 expression are essential for maintaining VEC integrity.

Gb3 accumulation in FD patients may induce diverse metabolic changes, including the activation of oxidative stress, the production of inflammatory cytokines, and reduced production of nitric oxide [@bib0053]. We found when comparing FD-VECs to WT-VECs that the expression of eNOS (endothelial nitric oxide synthase) is significantly reduced ([Fig. 2](#fig0002){ref-type="fig"}e) and the oxidative stress-associated genes *NOX4, AREG,* and *PTGS2* are transcriptionally down-regulated ([Fig. 7](#fig0007){ref-type="fig"}c). NOX4, an NADPH oxidase, plays a key role in intracellular ROS generation. AREG, an EGFR ligand, regulates numerous cellular functions. AREG KO mice show chronic liver damage because of dysregulation of the systems that deal with oxidative stress [@bib0054]. PTGS2 converts arachidonic acid to prostaglandin H~2~. PTGS2 inhibition reduces H~2~O~2~-induced increases in ROS generation in the endothelium [@bib0055]. Peroxisome proliferator-activated receptor gamma coactivator 1-α (PPARGC1A) acts as a crucial regulator of mitochondrial biogenesis and metabolism [@bib0056]. We observed in FD-VECs increased expression of *PPARGC1A,* which*,* in other cell types, is associated with GO terms like oxidative stress, aging, cell migration, and mitochondria ([Fig. 7](#fig0007){ref-type="fig"}b and Supplementary Fig. 8b). FD-VECs produce more *PPARGC1A* transcripts than WT-VECs ([Fig. 7](#fig0007){ref-type="fig"}c). Furthermore, we found that the oxygen consumption ratio (OCR) in FD-VECs is higher than that of WT-VECs ([Fig. 7](#fig0007){ref-type="fig"}d). Thus, we have gathered conclusive evidence that Gb3 accumulation induces oxidative stress in FD-VECs. PPARGC1A buffers oxidative stress produced during myogenesis by enhancing the expression of antioxidant enzymes [@bib0057] and strongly suppresses the migration of VECs in vitro and angiogenesis by VECs in vivo [@bib0058]. Increased PPARC1A activates Notch1 signaling, which increases TSP-1 expression \[[@bib0058],[@bib0059]\]. The transcriptional activity of the *NEURL1B* gene is obviously reduced in FD-VECs compared to WT-VECs and increased in FD-1-Cor-VECs and FD-1-TSP-1^−/−^ VECs (Supplementary Fig. 8c). NEURL1B blocks Notch signaling by promoting the lysosomal degradation of Jagged1 [@bib0060]. Also, oxidative stress reportedly activates TSP-1 expression in VECs [@bib0061]. We found FD-VECs produce elevated levels of TSP-1 ([Fig. 2](#fig0002){ref-type="fig"}), as do the renal tissues of FD patients ([Fig. 3](#fig0003){ref-type="fig"}) when compared to controls. We also found that GLA mutation correction or TSP1 KO in FD-VECs rescues their expression of oxidative stress-associated genes ([Fig. 7](#fig0007){ref-type="fig"}b and c) and their angiogenic tube-like structure forming capacity ([Figs. 5](#fig0005){ref-type="fig"}c and [6](#fig0006){ref-type="fig"}e).

As depicted in [Fig. 7](#fig0007){ref-type="fig"}e, we suggest a schematic model for the aberrant angiogenesis of FD-VECs in which Gb3 accumulation induces oxidative stress, which then enhances TSP-1 expression. This elevated TSP-1 activates TGF-β signaling, which then finally disrupts angiogenesis. This model provides new insight into how dysfunctional VEC angiogenesis in peritubular capillaries may lead to the progression of the complications associated with Fabry disease as patients age. Furthermore, our findings suggest chemicals or molecules that regulate SMAD2 signaling and/or TSP-1 should be screened for their potential as new therapeutic drugs in FD.
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